The stability of the high oxidation states ϩ3 and ϩ5 in Group 11 fluorides is studied by relativistic Mo "ller-Plesset ͑MP͒ and coupled cluster methods. Higher metal oxidation states are stabilized by relativistic effects. As a result, the hexafluoro complex of the Group 11 element with nuclear charge 111 and oxidation state ϩ5 is the most stable compared to the other congeners. The results also suggest that AgF 6 Ϫ is thermodynamically stable and, therefore, it might be feasable to synthesize this compound. For the copper fluorides we observe very large oscillations in the Mo "ller-Plesset series up to the fourth order. Nonrelativistic calculations lead to the expected trend in the metal-fluorine bond distances for the MF 2 Ϫ compounds, CuF 2
INTRODUCTION
It is well known that the Group 11 elements show an unusual trend in the stability of the oxidation states. 1 The most common oxidation states are ϩ2 for copper, ϩ1 for silver, ϩ1 and ϩ3 for gold. For the next congener, a transactinide with nuclear charge Zϭ111 ͑named element 111 in the following͒, atomic calculations by Fricke suggest that the most stable oxidation state is ϩ3, similar to that of gold. 2 Element 111 was discovered recently by the Heavy Ion Research Laboratory ͑GSI͒ in Darmstadt. 3 The chemistry of short lived isotopes with half times in the second range ͑atom-at-a-time chemistry͒ can give indirect evidence of the stability of high oxidation states. 4 However, the isotope 272 111 has an estimated half life of only 2 ms and the synthesis of more neutron-rich isotopes requires a radioactive beam facility which is not available yet. 5 Hence, theoretical methods seem at present the only way to gain insight into physical and chemical properties of element 111. On the other hand, theoretical studies on copper and silver compounds in high oxidation states ͑ϩ3 or ϩ5͒ are very rare. 6 In two recent papers it was shown that the high oxidation states ϩ3 and ϩ5 in gold are significantly stabilized by relativistic effects. 7, 8 It is now well established that compounds containing Group 11 elements exhibit large relativistic effects ͑the Group 11 maximum of relativistic effects͒ 9 causing anomalies in chemical properties of gold. [10] [11] [12] [13] Further down the group, element 111 shows extremely large relativistic effects 14, 15 which even cause a change in the ground electronic state configuration from d 10 s 1 to d 9 s 2 . 14 Moreover, the diatomic compound ͑111͒H has a bond distance similar to that of CuH due to the large relativistic bond contraction. 15 This contraction is especially large for electropositive ligands, 12 but much smaller in compounds of gold in high oxidation states. 7, 8 In this article we examine all group 11 elements ͑Cu, Ag, Au, and element 111͒ in the oxidation states ϩ1, ϩ3, and ϩ5. Since the fluorine ligand offers the best chance to isolate copper or silver compounds with the metal being in the oxidation state ϩ5, we will concentrate the following fluorine species: MF 2
Q is the charge of core (Q M ϭ19 for all metals͒, f 1 is a linear combination of Gaussian functions containing adjustable parameters ͑usually two Gaussian functions per angular momentum are used in the Stuttgart pseudopotential scheme, i.e., kϭ2), and P 1 is the projection operator onto the Hilbert subspace with angular symmetry l. Spin-orbit coupling was included for Au and element 111 through the use of spin-orbit coupled pseudopotentials. The parameters for the pseudopotentials used can be found in our first paper in this series of superheavy elements 25 and in Refs. 12, 22-24. The geometries of all molecules were optimised at the MP2 level using the Fletcher-Powell method. The MF 2 Ϫ , MF 4 Ϫ , and MF 6 Ϫ molecules were restricted to have D ϱh , D 4h , and O h symmetry, respectively.
The valence basis sets used are summarized in Table I . The relativistic and nonrelativistic basis set for element 111 is that given in Ref. 25 but with the most diffuse s, p, and d functions removed. Only two uncontracted f functions were used for all metals. In order to have matching basis sets for Cu, Ag, and Au new basis sets were optimized and contracted. The new basis sets were energy optimized using the ATMSCF program 26 and in all cases gave Hartree-Fock ͑HF͒ energies lower than the published ones. The exponents and contraction coefficients for all elements are shown in Table  II . The f-exponents were taken from Refs. 8, 25, and 27. The nonrelativistic basis sets contain one more diffuse s-function compared to the relativistic ones because the nonrelativistic valence s-orbitals are more diffuse. The fluorine basis set used is based upon the augmented correlation consistent valence triple-zeta polarization basis set ͑aug-cc-PVTZ͒ of Dunning. 28 The two fluorine f functions were removed and the contracted 3d set was replaced with the 2d set from the double-zeta basis set.
We carried out single-point coupled cluster calculations ͓CCSD and CCSD͑T͒, which includes the triple corrections perturbatively͔ at the optimized MP2 geometry in order to establish the stability of the high oxidation state by studying the decomposition reaction (⌬U is the decomposition energy͒
The geometry optimizations were carried out using GAUSSIAN94 29 followed by a frequency calculation to verify that a local minimum was obtained. A modified version of the program package MOLCAS3 30 was used for the subsequent correlation treatment. This program was altered to include routines for the one-electron integrals required for the semilocal pseudopotentials. 31 For this purpose we transformed the semilocal part of the pseudopotential to a linear combination of nonlocal projection operators consisting of Cartesian Gaussian functions g m
The method has been developed by Pelissier et al. 31 and has the advantage that only overlap integrals over cartesian Gaussian functions are needed. We used an even tempered sequence of exponents resulting usually in 35-38 Gaussians per symmetry. For all the Group 11 elements the difference in the total electronic energy between the two different pseudopotential representations ͑1͒ and ͑3͒ is less than 10 Ϫ5 a.u. for the neutral atoms. The coupled cluster program TITAN by Lee et al. was interfaced with MOLCAS3. 32 It was not possible to treat the MF 6 Ϫ molecules at the CCSD level using the large basis sets described above. We, therefore, had to reduce the basis set slightly which we will denote as the small basis set S in the following. For the metal atoms we used the same number of primitives as for the large 
a S and L denotes the small and the large basis set, respectively. RPP: Scalar ͑ARPP͒ or spin-orbit coupled relativistic pseudopotential. NRPP: Nonrelativistic pseudopotential. AE: All-electron. DK: scalar DouglasKroll Hamiltonian. The large fluorine basis set is based on Dunning's aug-cc-PVTZ basis set, the small one is Dunning's cc-PVDZ basis set. gc denotes that a general contraction scheme was used.
basis set L, but more heavily contracted, see Table I . The fluorine basis set is the correlation consistent polarization valence double-zeta set of Dunning. 28 The copper fluorides showed unexpected changes in the electron correlation contribution to the total electronic energy compared to the other Group 11 metals. An analysis showed a very large oscillatory behavior in the MPn series ͓nϭ1 ͑HF͒, 2, 3, and 4͔. A critical account on the use of the MP series for transition metal atoms has been given by Raghavachari and Trucks who pointed that for the delements the MP series does not converge very well. 33 Furthermore, it is well known that MP convergence for the fluorides is usually less good compared to the hydrides. 34 However, CuF 6 Ϫ showed an extremely large change in the electron correlation contribution to the decomposition energy ͑2͒ of more than 1000 kJ/mol ͑!͒ at the MP2 level, much larger than the changes reported by Ragavachari and Trucks. 33 In order to exclude the possibility that this is caused by the pseudopotential approximation we carried out both nonrelativistic and scalar relativistic Douglas . The all-electron calculations were carried out using the large 20s15p10d exponent set given by Partridge. 35 The primitives were generally contracted to 10s9p7d and three of the f-functions given by Bauschlicher were added, 36 see Table I . For the nonrelativistic all-electron calculation we used the Bauschlicher atomic natural orbital ͑ANO͒ contraction scheme. 36 The g-functions from Ref. 36 were omitted but the six f primitives contracted to a 3 f set were included. The fluorine basis set used in the all-electron calculations was the same as in basis L. The matrix elements over the scalar version of the second-order Douglas-Kroll Hamiltonian 37 were evaluated using the routines written by Heß.
38
The frequency analyses were carried out at the MP2 level using the large basis but with the f functions removed. All geometries were of course re-optimized at the MP2 level with this smaller basis set. The MP2 frequency analysis gave, however, unrealistic results for CuF 6 Ϫ indicating that the MP2 hypersurface is ill-defined. A similar behavior was found for MnO 4 Ϫ where the stretching of one of the Mn-O bonds leads to a double-minimum potential at the MP2 level. 39 Hence, for CuF 6 Ϫ we list HF rather than MP2 frequencies. However, to obtain a measure of the accuracy of our predictions for all compounds, we decided to perform density functional calculations. It was pointed out by Baerends et al. that in such cases density functional theory describes the metal-ligand bonding significantly better. 40 We, therefore, used Becke's hybrid method using a three parameter functional together with the Lee-Yang-Parr nonlocal correlation functional ͑denoted as B3LYP͒. 41, 42 A modified version of the COLUMBUS program which utilises double-group symmetry at the configuration interaction ͑CI͒ step was used for the spin-orbit coupled calculations. 43 Due to program limitations only very small basis sets could be used in the spin-orbit coupled CI calculations. 43 For the metal atoms ͑Au and element 111͒ a 9s8p6d set contracted to 5s3p4d set was used and for F the correlation consistent valence double-zeta polarized ͑cc-PVDZ͒ basis set of Dunning was used as described 23 for Au. The spin-orbit correction was determined by taking the difference between the spin-orbit CI energy and the energy obtained from an equivalent calculation in which the spin-orbit potentials are set to zero. This correction was then added to an energy derived from a more complete scalar relativistic electron correlation treatment.
To test the quality of the MP2 geometries the structures for (111)F 4 Ϫ and (111)F 2 Ϫ molecules were determined at the CCSD͑T͒ level by a polynomial fit to five or six calculated energies. The CCSD͑T͒ bond lengths were only 0.008 and 0.012 Å longer than the MP2 values for (111)F 4 Ϫ and (111)F 2 Ϫ , respectively. The influence of spin-orbit coupling on the geometry was also investigated for these two molecules. Spin-orbit coupling decreases the bond length 0.001 Å for (111)F 4 Ϫ and 0.007 Å for (111)F 2 Ϫ . The optimized MP2 bond distance of F 2 is 1.413 Å in good agreement with the experimental result ͑1.412 Å͒.
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RESULTS AND DISCUSSION
The calculated nonrelativistic and relativistic MP2 bond distances are shown in Table III . Fleischer and Hoppe report 1.73 Å for the Cu-F bond distance from a powder diffraction study of CsCuF 4 16 in excellent agreement with our calculated value of 1.727 Å. A CCSD͑T͒ optimization at the allelectron Douglas-Kroll ͑DK͒ level leads to a slightly larger bond distance of 1.753 Å. KAgF 4 has been synthesized by Hoppe 17 but we are not aware of any crystal structure determination. The Au-F bond distance has been measured by Edwards in KAuF 4 ͑1.95 Å͒ 20 and is in reasonable agreement with our calculated value of 1.919 Å. The difference between the two values is due to solid-state effects and the level of approximation used in our calculations. All compounds are diamagnetic in the oxidation state ϩ3 and we, therefore, considered only the singlet electronic state. Bartlett and coworkers synthesized ͓Xe 2 F 11 ϩ ͔͓AuF 6 Ϫ ͔ 19 and both the crystal structure and Raman spectrum has been determined. 21 The measured Au-F bond distance ranges between 1.85 and 1.90 Å ͑due to the different solid-state environments͒ and is in reasonable agreement with our calculated MP2 value of 1.917 Å.
The relativistic effects in the equilibrium bond distances are depicted in Fig. 1 . It is evident that the largest relativistic effects are obtained in the low oxidation state, ϩ1. Relativistic bond contractions in the fluorides of the higher oxidation states, ϩ3 and ϩ5, are of similar size but significantly smaller compared to the MF 2 Ϫ species. As pointed out before, 8 this is directly related to the occupation of the valence ns orbital, which decreases with increasing oxidation state, and the participation of the valence (nϪ1)d orbital, which increases with increasing oxidation state. This is clearly seen from the Mulliken orbital ns and (nϪ1)d populations listed in Table IV . The Raman frequencies for both AuF 4 Ϫ and AuF 6 Ϫ have been reported by Bartlett and co-workers. They are compared with our calculated MP2 and B3LYP frequencies in Table V . Considering that our results are gas-phase calculations of the free anion and the frequencies do not contain anharmonicity effects, they are in excellent agreement with the results by Bartlett et al. Our calculated frequencies and infrared intensities may, therefore, help in the frequency assignment of the yet unknown remaining Group 11 fluorides. The frequencies show that all structures represent local minima on the potential-energy surface for the free anion. Hence all species are ͑kinetically͒ stable compounds.
Concerning the thermodynamic stability of these compounds we calculated the reaction energy for the decomposition of the fluoro complexes in the higher oxidation states, Eq. ͑2͒. The results are presented in Tables VI and VII. The relativistic coupled cluster and the density functional results show that the higher oxidation states are preferred by the heavier elements. Element 111 shows the highest stability in the oxidation states ϩ3 and ϩ5. Relativistic effects clearly The population analyses were carried out at the B3LYP level. q represents the total metal charge. All values are in kJ/mol. The calculations are all performed at the scalar relativistic MP2 optimized geometry using the large basis set. The calculations using the larger basis set are given below the one of the smaller basis in italics. 33 Buijse and Baerends analyzed the failure of Hartree-Fock ͑HF͒ to account for nondynamical correlation in metal ligand bonding in MnO 4 Ϫ . 40 Their conclusion was that because the transition metal 3s/3p orbitals are spacially close to the 3d orbitals, Pauli repulsion between the metal 3s3 p and ligand 2p orbitals prevents the ligands from getting close to the metal resulting in a small overlap between the metal 3d and ligand 2 p orbitals. In MnO 4 Ϫ HF tends to localize the orbitals resulting in a loss of covalent character of the metal-ligand bonding. This can only be corrected through a multiconfiguration ͑MC͒ treatment. For CuF 6 Ϫ all fluorine lone pairs and the metal delectrons would have to be considered in the MC treatment which is computationally too demanding. For the late second, third, and fourth row transition compounds, the dorbitals are more diffuse and more separated compared to the sp orbitals in the same shell. For Au and element 111 this is partly due to the relativistic d-expansion. Moreover, the bond distance of the Group 11 hexafluoro complexes are very similar at the relativistic level. This could be because of a reduced Pauli repulsion from the sp-core if we accept the interpretation of Buijse and Baerends. Thus the overlap between the metal d and the fluorine 2 p orbitals should increase with going to the heavier elements. Figure 2 shows that while CuF 6 Ϫ ͑and CuF 4 Ϫ ) shows very large oscillations in the MPn series ͑the largest oscillations at an equilibrium geometry reported so far͒, this is less the case for AgF 6 Ϫ and almost gone for AuF 6 Ϫ . Baerends also argued that density functionals do not suffer from this classical HF error. 40 As Fig. 2 shows the B3LYP calculations are closest to the CCSD͑T͒ results.
Analyzing the orbitals of the MF 6 Ϫ in O h symmetry in detail we cannot see a localization of the fluorine p-and metal d-orbitals. There is a low lying t 2g -orbital which is mainly metal-d. However, the -bonding e g -orbital is a mixture between fluorine-p and metal-d with only a slight increase in overlap when going from Cu to element 111. The only significant changes in the MO picture between the different elements we see is that the a 1g orbital is lower in energy for the heavier metal ͑due to the relativistic valence s-contraction͒, and the orbitals representing the fluorine lone pairs are more split in the ligand field for the heavier elements. Moreover, the sp-core orbitals contract when going to the late transition metals because of the increasing nuclear charge, thus the Pauli repulsion is reduced. However, we do notice a significant increase in the highest occupied molecular orbital-lowest unoccupied molecular orbital HOMO-LUMO͒ gap from 0.366 a.u. for Cu to 0.413 a.u. for Ag, to 0.460 a.u. for Au and to 0.554 a.u. for element 111. It is well known that the MP series converges badly for small HOMO-LUMO energy differences ͑the energy differences in the Rayleigh-Schrödinger perturbation expansion appears in the denominator͒. 45 The group 11 metals in the oxidation state ϩ5 may be described by the configuration 3s 2 3d 4 . Thus it is not clear if the spin multiplicity of the electronic ground state in CuF 6 Ϫ or even AgF 6 Ϫ corresponds to a singlet, triplet, or a quintet. We note that both CuF 6 3Ϫ and AgF 6 3Ϫ are paramagnetic in the solid state. CuF 4 Ϫ is diamagnetic. We, therefore, performed single point calculations for the triplet and quintet states of CuF 6 Ϫ and AgF 6 Ϫ at the HF, MP2, and B3LYP level of theory. For both CuF 6 Ϫ and AgF 6 Ϫ the HOMO is of t 1u symmetry describing an antibonding MO involving fluorine and metal p-orbitals. The LUMO is an antibonding e g -orbital involving fluorine p-and metal d-orbitals. We, therefore, assume that the first triplet state has the configuration t 1u 5 e g 1 , which yields two states of u-symmetry, 3 T 1u and 3 T 2u . Since a MC treatment to get the nondynamical electron correlation correct is beyond our computational resources, we carried out all calculations without symmetry restrictions using a spin unrestricted self-consistent field ͑SCF͒ procedure ͑UHF͒. The B3LYP minimum bond distances were chosen ͑1.784 Å for CuF 6 Ϫ and 1.920 Å for AgF 6 Ϫ case the triplet and quintet states are lower in energy compared to the singlet state. This is understandable because exchange contributions for the 3d-orbitals at the HF level are large and favor high spin configurations. On the other hand, electron correlation effects usually lower low-spin states more significantly. Density functional theory usually provides a balanced treatment between exchange and electron correlation and is, therefore, often superior for the treatment of transition metal compounds. Indeed, B3LYP yields only a small singlet-triplet excitation energy for CuF 6 Ϫ and predicts that CuF 6 Ϫ and AgF 6 Ϫ have ground-state singlet symmetry.
The triplet and quintet states are, however, not geometry optimized and the B3LYP functional may not be very accurate for excitation energies. Both the lowest triplet and quintet states arising from the t 1u 5 e g 1 or t 1u 4 e g 2 configurations, respectively, would undergo a first-order Jahn-Teller distortion lowering the symmetry. To determine the correct spin symmetry for ground-state CuF 6 Ϫ requires a multiconfiguration treatment including dynamic correlation as well, a difficult task. Current single-reference methods ͑MP2, CISD, CCSD, etc.͒ are not very accurate in the case of the copper fluorides which is indicated by the large triple contributions in the coupled cluster case. We are, therefore, not able to assign the correct ground-state symmetry of CuF 6 Ϫ . We believe, however, that it is very likely that the electronic ground-state symmetry of AgF 6 Ϫ is a singlet state ( 1 A 1g ). The Mulliken population analyses clearly show that relativistic effects, ͑i͒ increase the valence ns-population, ͑ii͒ increase the (nϪ1)d participation in d-orbitals which are directed towards the bonding axes, and ͑iii͒ do not change significantly the np-involvement which anyway is relatively small except for CuF 4 Ϫ . As expected, large relativistic changes are calculated for the fluorides of element 111 which show the highest d-participation of all Group 11 elements. This is due to the large relativistic 7s contraction and the 6d expansion. Another interesting feature is the relatively large 4s population in CuF 2 Ϫ and CuF 4 Ϫ . This is surprising since the electronegativities of Cu and Ag are quite similar ͑1.9 for Cu and Ag͒, as are the ionization potentials ͑7.72 eV for Cu and 7.57 eV for Ag͒ and electron affinities ͑1.23 eV for Cu and 1.30 eV for Ag͒. 46 Another interesting fact is that the Mulliken population analysis suggests that even the lower corelike 3s orbitals become slightly depopulated in CuF 6 Ϫ , a result which may, however, be an artifact of the method used.
Summarizing our results on the stability of MF 6 Ϫ compounds, the yet unknown species AgF 6 Ϫ offers the best chance for a successful synthesis, provided that bulky cations A ϩ are used with a relatively small A-F bond stability in order to keep the six Ag-F bonds intact. 
